Gastrin is produced by gastric endocrine cells and regulates acid secretion and mucosal cell proliferation. Somatostatin inhibits gastrin secretion, and exogenous somatostatin was recently reported to decrease gastrin gene transcription and to reduce gastrin mRNA stability. Somatostatin cells extend cytoplasmic processes that amtact gastrin cells and other cells. Using quantitative in situ hybridization combined with immunocytochemistry, we demonstrate that gastrin cells in close contact (G0.2 pm) with somatostatin cells express significantly lower levels of gastrin mRNA than other gastrin cells. Our data show that cells with high levels of gastrin mRNA
Introduction
The gastric hormone gastrin is produced by antropyloric endocrine (G)-cells and stimulates acid secretion and mucosal growth. Gastrin secretion is inhibited by somatostatin, a peptide produced by gastric D-cells. In many species, including human and rat, D-cells give off long cytoplasmic processes that contact G-cells and other epithelial cells . Together with physiological and immunoneutralization studies, these immunocytochemical data suggest that D-cells regulate gastrin secretion through local paracrine release of somatostatin (Lamberts et al., 1991; McIntosh et al., 1991; Schubert et al., 1988; Creutzfeldt, 1987; Short et al., 1985; Larsson, 1980 Larsson, ,1984 Chiba et al., 1981; Saffouri et al., 1979 Saffouri et al., ,1982 .
It was recently demonstrated that exogenously administered somatostatin also decreases gastrin mRNA levels (Karnik and Wolfe, 1990; Brand and Stone, 1988) . This effect may be mediated by effects on gastrin gene transcription and by reduced stability of gastrin mRNA (Karnik and Wolfe, 1990) . We have recently developed non-radioactive in situ hybridization methods that permit relative quantitations of intracellular gastrin mRNA concentrations (Larsson and Hougaard, 1993a,b; these methods with immunocytochemical detection of somatostatin we now demonstrate that G-cells in close contact ((0.2 pm) with somatostatin cells containing significantly lower levels of gastrin mRNA than G-cells that lack detectable contacts. These data strongly support the concept of a paracrine somatostatinergic regulation of a subpopulation of gastrin cells.
Materials and Methods
Tissues. Six female albino Wistar rats (225 g body weight) were fed ad libitum. After sacrifice by CO2 asphyxiation, specimens from the antropyloric region of the stomach 2 mm proximal to the pylorus on the major curvature were frozen in melting Freon-22, freeze-dried, paraformaldehyde vapor-fixed, and embedded in paraffin in vacuo (Larsson, 1988) .
In Situ Hybridization. Deparaffinized 8-pm sections were refixed in Bouin's fluid, permeabilized with pepsin (0.015% in 0.1 M HCI for 20 min at room temperature) and hybridized with either of two oligonucleotide probes complementary to the 375-401 (ratgas3) and 212-238 (ratgas4) positions of the rat gastrin mRNA sequence (Larsson and Hougaard, 1993a; Fuller et al., 1987) . The oligonucleotides were synthesized with a 3'-end tail containing four primary aliphatic amine sites (Aminomodifier 11; Clontech Laboratories, Palo Alto, CA), each separated by one nucleotide (Larsson and Hougaard, 1993a) . Amino sites were labeled with Biotin-xx-NHS ester (Clontech), after which probes were purified by gel filtration and reversephase chromatography (Larsson and Hougaard, 1993a,b) . In addition, a similar oligonucleotide probe complementary to human gastrin mRNA but having seven mismatches to rat gastrin mRNA was used for controls (Larsson and Hougaard, 1992) . In situ hybridizations were performed as previ-ously described (Larsson and Hougaard, 1993a) at 15'C below the theoretical melting point (Tm) of the hybrids, whereas stringency washes were at 10°C below the Tm. Hybrids were detected by the anti-biorin-srrepravidin-alkaline phosphatase (ASAP) procedure as detailed elsewhere (Larsson and Hougaard, 1993a,b). followed by development in bromochloroindolyl phosphate-nitroblue tetrazolium (BCIP-NBT) medium containing levamisole (Leary et al., 1983) . Controls included probe deletion. probe substitution with the mismatching human probe. and use of RNAse-pretreated sections as described (Larsson and Hougaard. 1993b; . For quanritation. probes were used at fourfold excess (20 ng/ml) and the development time (BCIP-NBT) was restricted to 10 min (development was linear with time up to 15 min; rz = 0.935) as previously detailed (Larsson and Hougaard, 1993a.b; .
Immunocytochemistry and Double Staining. Unstained sections and hybridized sections were stained with either a previously characterized rabbit anti-somatostatin serum (R213l3) or with a rabbit anti-gastrin serum (2717) . using the peroxidase-anti-peroxidase (PAP) method. or with a monoclonal mouse anti-somatostatin antibody (SOM-018; Novoclone. NovoNordisk, Bagmrd. Denmark) and the indirect immunoperoxidase method (Larsson. 1988) . Peroxidase activity was demonstrated by development in 3-amino-9-ethylcarbazole-H202 medium (Graham et al., 1965) . producing a red reaction product that contrasted well with the blue to blue-black BCIP-NBT reaction product. Controls included use of conventional staining controls and of antisera pre-absorbed overnight with 100 pg/ml of synthetic somatostatin-14 or human gastrin I (Peninsula; Belmont. CA) (Larsson. 1988 ).
b
Image Analysis. Sections were analyzed with an image analyzer system described and characterized elsewhere (Larsson and Hougaard. le9ja, b: a monochrome Sony CCD camera with all automatic functions disabled. was used. Images were acquired at the isobestic wavelength of the BCIP-NBT reaction product (585 * 10 nm) and digitized by a Data Translations (Marl- an 0lympus BH-2 m~croscope, equipped with ing at the base of the glands. (W Adjacent (control) Section treated with "se boro, MA) frame grabber card housed in a Macintosh IIfx computer. Image acquisition, averaging, and shade correction were controlled by the NIH Image 1.41 program (NIH; Bethesda. MD). which was also used for image analysis. The system was optically calibrated by Kodak neutral density filters. This revealed a linear relationship between pixel values and optical densities over the measurement range (0-0.8 O D units) . Spatial calibration was performed with a stage micrometer. Double-stained sections were analyzed with a x60. NA 1.40 oilimmersion objective, producing a lateral resolution of 0.2 pm. Contacts G0.2 pm) between red somatostatin cells and blue gastrin cells were scored in white light in the microscope, after which images were captured using light of 585 f 10 nm and analyzed densitometrically in the computer (at a spatial resolution of 0.47 pm/pixel). Hybridization intensities of gastrin cells with or without apparent contacts to somatostatin cells were measured in pixel values on a scale from 0 (white) to 255 (black). After subtracting the background pixel values, corrected pixel values (CPV) were obtained. Densitometric results were expressed as CPV f SD and were statistically analyzed by the Mann-Whitney U-test.
Results
Both gastrin probes produced indistinguishable results and revealed a population of scattered endocrine-like cells in the antropyloric mucosa (Figure 1 ). Similar results were obtained by gastrin immunocytochemistry. Thus, in situ hybridization (ratgas4 probe) detected 45.4 & 11.7 reactive cellslmm length of mucosa, and gastrin immunocytochemistry revealed 44.1 * 9.47 cellslmm. These data, together with our previous double-staining studies Hougaard, 1991,1993a) . show that in adult rats fed ad libitum virtually all G-cells contain both detectable gastrin mRNA and hormone. All controls were negative, and the mismatching human gastrin probe failed to react with rat gastrin cells under the stringency conditions used. The ratgas4 probe was used for subsequent experiments.
Restaining of hybridized sections with either the monoclonal or the polyclonal somatostatin antibody showed that a subpopulation (12.5 2 5.6%) of the gastrin cells were in close contact with somatostatin-immunoreactive profiles (Figure 2 ). Apparent contacts were defined at the maximal light microscopic resolution (objective and condensor numerical aperture of 1.40, yielding a lateral resolution of 0.2 pm). Most such contacts were observed between somatostatin cell processes and gastrin cell bodies (Figure 2) , whereas only rare cell body contacts were encountered. Image analysis clearly documented that gastrin cells contacted by somatostatin profiles displayed significantly lower hybridization intensity than cells without recognizable contacts (Figure 3) .
As is evident from Figure 1 , the individual hybridization intensity of gastrin cells varies and cells with the strongest signals predominate at the base of the glands. By image analysis, a threshold was set that enabled us to separate gastrin cells into two equally large populations on the basis of their hybridization intensities. In such experiments, strongly reactive cells (above the threshold) were pseudocolored red, and less reactive cells remained gray. In perfectly transverse sections the distances from the gland bottom to the center of the nucleus of either strongly or weakly hybridizable cells were measured. The results are plotted as distributional g 120 4 100 " " I 100 Figure 2 . Rat antropyloric mucosa double stained for gastrin mRNA and somatostatin. Note that a somatostatin immunoreactive cell (red) is close to a weakly hybridization-positive (blue) gastrin cell, whereas more strongly reactive (blue-black) gastrin cells are devoid of detectable contacts. Bar = 10 pm. diagrams in Figure 4 and c o n f i i the visual impression that strongly hybridizable gastrin cells predominate near the base of the glands. In double-stained sections similar analyses were carried out for nucleated gastrin cells with apparent contacts (G0.2 pm) to somatostatin cells (Figure 4) . From these results it is evident that the distributional profile of weakly hybridizable gastrin cells coincides with the distribution of gastrin-somatostatin cell contacts. Although so- matostatin cells were also present at the base of the glands, contacts to gastrin cells were very infrequent here (Figure 4 ).
Discussion
The specificity of the hybridization to rat gastrin mRNA is attested to by the fact that two different sequence-specific probes detected G-cells. whereas no reactivity was obtained by a mismatching probe to human gastrin. In addition, deletion of the probe and RNAse pre-treatment of the sections abolished the signal. We have previously found that both rat gastrin probes react exclusively with an appropriately sized (650 bases) band on Northern blots of total rat antropyloric RNA (Larsson and Hougaard, 1993a) . Finally, the present data, together with previous double-staining studies Hougaard, 1991,1993a) , show that almost all G-cells express both immunoreactive hormone and gastrin "A.
Both model studies and histophysiological experiments document that the non-radioactive hybridization signal mirrors the cellular " A content. Thus, cytochemical model studies have documented a liner relationship between the hybridization signal and the logarithm of target concentration (Larsson and Hougaard, 1993a; . In tissue, gastrin " A levels are known to be down-regulated during fasting (Wu et al., 1991) . Our previous image analysis studies have demonstrated a progressive decrease in the number of hybridizable cells and in the average hybridiza-tion signal of the remaining cells with increasing times of fasting (Larsson and Hougaard, 1993a) . Similar histophysiological data affecting both cell number and cell staining intensity have previously been obtained in pituitary tissue .
Our present results show that G-cells in apparent contact (G0.2 pm) with somatostatin cells display significantly lower gastrin mRNA levels than G-cells without such contacts. As contracts above or below the tissue section plane are not registered, it is possible that the true difference is even greater. Serial (mechanical or optical) sections at 0.2 pm would be needed for three-dimensional reconstruction of the full network of contacts.
These results form the first direct in situ evidence for paracrine somatostatinergic control of gastrin gene expression. Only a subpopulation of gastrin cells were contacted by somatostatin profiles. It has been shown that basal gastrin levels are under the tonic inhibitory paracrine control of somatostatin (McIntosh et al., 1991; Schubert et al., 1988; Saffouri et al., 1979 Saffouri et al., ,1982 . Such tonic control, as well as stimulated somatostatin secretion, could result in expression of lower gastrin mRNA levels in the contacted gastrin cells. Alternatively, or additionally, somatostatin-gastrin cell contacts may be transient. Antropyloric gland cells migrate as a consequence of cell regeneration and expulsion and, in addition, somatostatin cell processes could be mobile. Importantly, however, the gastrin cells at the base of the gastric glands are only very rarely seen to be in contact with somatostatin profiles. It appears from our distributional profiles that a substantial part of gastrin cells escape paracrine somatostatinergic regulation and may be controlled by other factors, including cholinergic, adrenergic, and peptidergic stimuli. Whether the distributional heterogeneity in gastrin cells reflects differences in cell maturation and migration and/or reflects differential expression of receptors remains unknown. The present double-staining approach may also be useful for studying other local (paracrine or neurocrine) gene regulatory phenomena.
